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Abstract

Thermoelectric performances of misfit cobaltites can be controlled by grain
orientation and/or by cation substitution. Both processes have been
simultaneously performed by directional solidification at 0.03 m/h, using the
laser floating zone technique, of Bi,.xPbxSr2Co1 80y (with x = 0.0, 0.2, 0.4 and
0.6). The microstructure has shown two different main phases as a function of
Pb content, a Co-poor phase for low Pb content (0.0 and 0.2) and a Co-rich one
for higher Pb substitution. These microstructural changes are reflected on the
thermoelectric properties leading to an important decrease on the resistivity and
increase of thermopower for samples with 0.4Pb substitution. Both
improvements lead to power factor values higher than usual in textured misfit

cobaltites.
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1. Introduction

Thermoelectric (TE) materials with high energy conversion efficiency are
strongly required for both electric power generation, in terms of waste heat
recovery, and refrigeration. Thermoelectric energy conversion has been shown
as an effective technology that can be used to transform thermal to electrical
energy owing to the well-known Seebeck effect. This physical property allows
producing electrical power from a thermal gradient between the cold and the hot
side of a thermoelectric system. The conversion efficiency of such materials is
usually quantified by the dimensionless figure of merit ZT, which is defined as
TS?/pk, where S is the Seebeck coefficient (or thermopower), p the electrical
resistivity, k the thermal conductivity, and T is the absolute temperature [1]. As a
consequence, a performant TE material involves high thermopower and low
resistivity, with low thermal conductivity.

From 1997, with the discovery of large thermoelectrical properties in NayCoO,
[2], great efforts have been performed to explore new CoO families with high
thermoelectric performances. Following this intense research work, some
layered cobaltites, such as [Ca2Co003][Co02]162 and [Big.s7SrO2]2[Co0O-]1s2 Were
also found to exhibit good thermoelectric properties [3-6]. Moreover, these
materials can operate at high temperature in air without degradation, as
compared to the intermetallic thermoelectric compounds, which is other way of
improving the ZT values.

The crystal structure of these CoO families is composed of two different layers,
with an alternate stacking of a common conductive Cdl,-type CoO; layer with a
two-dimensional triangular lattice and a block layer, composed of insulating

rock-salt-type (RS) layers. The two sublattices (RS block and Cdl,-type CoO,



layer) possess common a- and c-axis lattice parameters and S angles but
different b-axis length, causing a misfit along the b-direction [7-9].

As layered cobaltites are materials with a strong crystallographical anisotropy,
the alignment of plate-like grains by mechanical and/or chemical processes is
necessary to attain macroscopic properties comparable to those obtained on
single crystals. Some techniques have been shown to be adequate to obtain a
good grain orientation in several oxide ceramic systems, as Template Grain
Growth (TTG) [9], sinter-forging [10], or directional growth from the melt [11]. On
the other hand, it is interesting to explore cationic substitution in the RS layer,
changing the misfit relationship between the two layers and, as a consequence,
tuning up the values of the thermopower [6]. From this point of view, it is clear
that this substitution can be useful in order to improve thermoelectric
performances of ceramic materials [10], as it is reported for the substitution of
Gd and Y for Ca [12], or Pb for Bi [13].

The aim of the present work is studying the effect of the Pb for Bi substitution, in
different proportions, on the microstructure and thermoelectric properties of
directionally grown ceramics from the melt using the laser floating zone (LFZ)

technique.

2. Experimental

The polycrystalline Bi>xPbxSr2Co180y (with x = 0, 0.2, 0.4, and 0.6) ceramic
powders used in this study have been prepared by the classical solid state route
from commercial Bi,O3 (Panreac, 98 + %), SrCO3; (Panreac, 98 + %), C0,03
(Aldrich, 98 + %), and PbO (Aldrich, > 99 %) powders. They were weighed in

the appropriate proportions, mixed and ball milled at 300 rpm for 30 minutes to



obtain a homogeneous mixture. This powder has then been thermally treated
twice at 1020 and 1080K for about 12 hours under air, with an intermediate
manual milling, in order to assure the complete decomposition of the
carbonates. Otherwise, the presence of carbonates would form CO, bubbles in
the molten zone produced in the LFZ process which can produce the
crystallization front destabilization. The resulting powders were then cold
isostatically pressed at ~200 MPa to obtain green ceramic cylinders which were
subsequently used as feed in a LFZ device [14] equipped with a continuous
power Nd:YAG laser (AL = 1.06 um). The processing of the different samples has
been performed in the same conditions; they were directionally crystallizated
downwards from the melt at 0.03 m/h with a seed rotation of 3 rpm. Moreover,
in order to assure compositional homogeneity of the molten zone, an opposite
feed rotation of 15 rpm has also been performed. Finally, after the texturing
process, long (more than 0.15 m) and geometrically homogeneous (~0.002 m
diameter) textured cylindrical rods have been produced.

The identification of the main phases in all textured samples was carried out
using powder XRD in a Rigaku D/max-B X-ray powder diffractometer (CuKa
radiation), between 10 and 70°, using Si as reference. Microstructures have
been observed using a scanning electron microscope (JEOL 6000) equipped
with an energy dispersive spectroscopy (EDS) device, used to determine the
elemental composition of each phase. Micrographs of longitudinal fractured
sections have been recorded to determine the grain orientation. Transversal
polished sections of the textured phases have been observed to analyze the
different phases and their distribution. Image analysis has been performed on

several transversal micrographs for each composition in order to estimate the



volume fraction of each phase. Longitudinal polished sections of each sample
have been used to estimate the proportion of the different phases. Electrical
resistivity (p) and thermopower (S) were simultaneously determined by the
standard dc four-probe technique in a ZEM-3 measurement system (Ulvac-
Riko), in the steady state mode, at temperatures ranging from 300 to 925K.
With the electrical resistivity and thermopower data, the power factor (PF) has

been calculated (PF = S%p) in order to determine the samples performances.

3. Results and discussion

Powder XRD patterns for the different Bi,.«PbxSr2Co1.80y samples (from 10 to
35 degrees, for clarity) are displayed in Fig. 1. From these data, it is clear that
all the samples have very similar diffraction patterns and show a very low
amount of secondary phases. The highest peaks belong to the misfit cobaltite
phase and are in agreement with previously reported data [13]. Weak diffraction
peak at about 29 degrees (marked with a *) is related to the (Bi,Pb)-Sr-O
secondary phase [15]. The weakest peaks, indicated by # could not be
identified. As it can be seen in Fig. 1, the cobaltite and (Bi,Pb)-Sr-O peaks show
a significative displacement towards lower angles when Pb for Bi substitution is
increased while there is no displacement for the peaks marked with #. The
peaks displacement to lower 26 angles is due to the modification of the cell
parameters. For the cobaltite phase, this modification is produced in the RS
layer which contents the Bi** cations. In order to evaluate the ¢ parameter
relative variation as a function of the Pb content, the (0010) diffraction peaks
(represented in Fig. 2) have been used. The modification of the c-parameter is

represented in the insert of Fig. 2 which evidences a linear relationship between



the nominal Pb content and the c-parameter until a maximum Pb solubility in the
samples is reached for nominal 0.4Pb contents. Higher nominal Pb addition
does not seem to increase its content into the crystal structure.

A representative micrograph, performed on longitudinal fractured samples, is
shown in Fig. 3. This micrograph illustrates the good orientation of the plate-like
grains and their size, exceeding easily 100 um in the ab plane, while they are
very thin in the c-direction. On the other hand, these plate-like grains are
composed, in turn, by many thin and well stacked grains. In order to evaluate
the c-dimension of each individual grain, X-ray line broadening measurements
were performed, obtaining an approximate thickness of about 0.4 um in all
cases.

The microstructural evolution of samples, as a function of the Pb content can be
easily observed in Fig. 4 that shows the transversal and longitudinal polished
sections of all samples, and Table I, where the different phases and their
amount in each sample are summarized. In Fig. 4a it can be observed the
transversal surface of the Pb-free sample which is formed by five different
phases, each one identified by EDS analysis (see Table I) and corresponding to
a different contrast (numbered in Fig. 4a for clarity). As it can be clearly seen in
Table I, Pb addition leads to the disappearing of CoO (black contrast) and the
reduction of the amount and size of Sr-Co-O phase (dark grey contrast),
independently of the Pb amount. Other microstructural changes are produced
as a function of Pb content: 0.2Pb addition produces a slight increase of the
thermoelectric phase, with a composition close to the 222 phase (grey contrast),
where all the added Pb is incorporated. Increasing nominal Pb content to 0.4

has produced a drastic change in the microstructure: Bi-Sr-Co-O phase, with



composition close to the 221 one, disappears leading to a spectacular increase
of the thermoelectric 222 phase volume (from around 26% for the 0.2Pb
samples to 83% for the 0.4Pb ones) and a slighter raise of (Bi,Pb)-Sr-O phase,
identified as white contrast (from about 2% for the 0.2Pb samples to 13% for the
0.4Pb ones). In these samples, Pb substitution is not only produced in the 222
thermoelectric phase, but also in the (Bi,Pb)-Sr-O one. Further Pb addition to
0.6 reduces the amount of the thermoelectric 222 phase and increases the
secondary (Bi,Pb)-Sr-O phase content. Moreover, the increase of Pb content
does not change its amount in the thermoelectric 222 phase which has reached
the maximum Pb solubility. As a consequence, this additional Pb amount is only
substituting Bi in the (Bi,Pb)-Sr-O, explaining not only the higher content of this
phase in the 0.6Pb samples, but also the higher peak (marked with a * in Fig.1)
displacement observed in the XRD plot. On the other hand, dark grey phase is
found in all samples with very similar composition and very low amounts,
indicating that the unindexed XRD peaks probably correspond to this phase
while the reduction of their intensity with the increase of the Pb content can be
associated to the refinement of the grain size observed when Pb is added.

Fig. 4e-h shows the longitudinal polished sections of all samples where the
microstructural evolution described above is confirmed. On the other hand, new
features can be found in these micrographs. In Fig. 4e, it is clear that the
sample can be described, approximately, as a light grey matrix where the rest of
the phases are included. Samples with 0.2Pb addition nearly maintains the
main phases amount (222 and 221 phases), but changes drastically the phases
shape and their orientation. Samples are now composed of thin (compared with

the undoped samples) alternate grains of both main phases with the secondary



phases (dark grey and white contrasts) as inclusions. Further Pb content
increases the 222 and Sr-Co-O amount while the 221 phase disappears,
leading to samples formed by a 222 matrix and secondary phases as
inclusions. The proportion of secondary phases is lower for samples with 0.4Pb
than for the 0.6Pb ones as discussed in Fig. 4.

In order to study the effect of Pb on the thermoelectrical properties of this
ceramic family, the temperature dependence of the electrical resistivity, as a
function of the Pb content, has been measured and represented in Fig. 5. As it
can be easily seen, undoped and 0.2 samples possess very similar behaviour,
while higher Pb content ones display a different one. The first group of samples
(0.0 and 0.2Pb) show semiconducting-like properties in the whole range of
temperatures and the second one (0.4 and 0.6Pb), semiconducting-like
behaviour from room temperature to about 725K and metallic-like from 725 to
925K. The different behaviour of both groups can be explained by the
microstructural features described above. For the undoped sample, the main
conducting phase is the 221 (light grey contrast in Fig. 4) which forms a
continuous matrix along the samples and is responsible for the high resistivity
values measured. The addition of 0.2Pb increases resistivity values, compared
with the undoped samples, despite of the higher amount of 222 phase found in
0.2Pb ones. In order to explain this apparently contradictory behaviour, it is
necessary to observe carefully the microstructural features shown in Fig. 4f. As
it can be clearly observed, samples are now composed by thin alternate grains
of the 222 and 221 phases. Moreover, they do not form a continuous path for
the electrical conduction. As a consequence, the increase on the resistivity for

the 0.2Pb samples can be probably associated to the high resistivity of the grain



boundaries between the 221 and 222 phases. Moreover, Pb addition produces
hole doping due to the Pb?* substitution for Bi** which induce the oxidation of
Co*® to Co™ in the conducting layer as well as promoting the incorporation of
higher Co amount in the structure [6] and, as a consequence, reducing the
electrical resistivity [16]. On the other hand, the increase in the resistivity values
for the 0.6Pb doped samples is related to the raise of secondary phases
proportion. The minimum resistivity value (1.7 10 Q.m) at about 300K is
obtained for the 0.4Pb doped sample, around the best reported values for this
type of materials [10,16].

Fig. 6 displays the variation of thermopower with temperature, as a function of
the Pb content. It can be clearly seen that the sign of the thermopower is
positive for the entire measured temperature range for all compositions which
confirms a conduction governed by holes. The graph shows a different
behaviour, from high (0.4 and 0.6) to low Pb content samples (0.0 and 0.2), as
observed for the resistivity measurements and confirming the effect of of the
microstructural changes on the thermoelectrical properties. The variable
behaviours in the temperature dependence of the Seebeck coefficient curves
can be originated by the large amounts of secondary phases. In the case of
undoped and 0.2Pb doped samples, it is observed a reduction of thermopower
from room temperature to around 725K, followed by a small increase at higher
temperatures. The highly doped samples (0.4 and 0.6Pb) show a decrease on
the thermopower values until about 425K, but higher temperatures produce an
important increase, reaching a maximum value of about 1.4 10 V/K at 925K for
the 0.4Pb samples. In all cases, the measured thermopower values at room

temperature are higher than those reported in the literature [9,10]. These high



values are in apparently contradiction with the previously discussed electrical
resistivity evolution in a broad band model. However, it can be explained by a
narrow band model already used for Bi(Pb)-Sr-Co-O solid state sintered
specimens [16].

In order to evaluate the thermoelectric performances of these materials, PF has
been calculated from the resistivity and thermopower values and plotted in Fig.
7. When considering PF values at about 300K (~room temperature), it can be
clearly seen that undoped samples, as well as 0.2Pb doped ones, have the
same values (around 0.5 10 W/K?m), followed by an important increase for the
0.4Pb doped samples, reaching 1.0 10 W/K?m and decreasing for further Pb
addition to about 0.7 10 W/K?m. This maximum value is higher than the
obtained for textured materials reported in the literature (around 0.8 10

W/K?m) [10].

4. Conclusions

This paper demonstrates that Bi,.xPbxSr.Co4 8O, thermoelectric materials can
be directionally grown by the laser floating zone method (LFZ). It has been
determined that the maximum Pb solubility in the textured materials is reached
for the 0.4Pb nominal composition. The electrical resistivity data clearly
indicated that this Pb amount simultaneously induced the enhancement of
metallic behaviour and the reduction of the resistivity. These changes have
been explained in terms of hole doping due to Pb?* substitution for Bi**. The
higher power factor value at 300K has been obtained for samples with 0.4Pb

nominal content, around 1.0 10 W/K?m (higher than those reported in the



literature for textured specimens), is about two times higher than the obtained

for the undoped samples.
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Table I. Summary of the different contrasts found in SEM micrographs for the

as-grown textured samples. For each contrast phase assignment has been

based on EDS analysis normalized with respect to Sr (and numbered according

to Fig. 4a). Relative amount of each phase in the different samples is also

displayed.

Nominal composition Contrast Phase composition Vol. %
Black (1) CoO 2.0
Dark grey (2) Sr20C03.10y 8.5
Bi2Sr2Co1.0y Grey (3) Biz7Sr20C0260y (222) 20.0
Light grey (4) Biz 5Sr2.0C01.10y (221) 68.0
White (5) Bi2.0SrOy 1.5
Dark grey (2) Sr20C0280y 4.0
Grey (3) Bi1.9Pbo 2Sr20C02.10y (222) 26.0
Bi1.8Pbo 2Sr2Co1.80y
Light grey (4) Biz6Sr2.0C01.30y (221) 68.0
White (5) Bi2.oSrO, 2.0
Dark grey (2) Sr2.0C0260y 4.0
Bi1 6Pbo.4Sr2Co1 80y Grey (3) Bi22Pbo 5Sr20C0260y (222) 83.0
White (5) Bi19Pbo 3SrO, 13.0
Dark grey (2) Sr20C0270y 5.0
Bi1.4Pbo 6Sr2Co1.50y Grey (3) Bi1.9Pbo 5Sr20C0220y (222) 76.0
White (5) Bi1.9PbosSrOy 19.0




Figure captions

Figure 1. XRD plots of the sintered specimens obtained for the different Pb for
Bi substitutions in Bi>-xPbxSr.Co480y. @) 0.0; b) 0.2; ¢) 0.4; and d) 0.6Pb.
Crystallographic planes have been indicated on the peaks corresponding to the

222 thermoelectric phase. * (Bi,Pb)-Sr-O phase, and # unidentified peaks.

Figure 2. Enlarged view of the (0010) diffraction peaks of Bix—xPbxSr2Co4 .80y
samples for x = 0.0; 0.2; 0.4 and 0.6, showing their displacement as a function
of Pb content. The insert illustrates the relative c-axis variation with respect to

the undoped samples.

Figure 3. SEM micrograph of a representative fractured Bi,-Pb,Sr2Co1 g0y

sample (for x = 0.2), showing the alignment and stacking of the plate-like grains.

Figure 4. SEM micrographs of transversal (a to d) and longitudinal (e to h)
polished sections of the Bi,-xPbxSr.Co180y, samples, for x = 0.0 (a and e); 0.2 (b
and f); 0.4 (c and g); and 0.6 (d and h). The different contrasts are indicated by
numbers: 1. CoO (black contrast); 2. Sr-Co-O (dark grey contrast); 3.
thermoelectric 222 phase (grey contrast); 4. 221 phase (light grey contrast); and

5. (Bi,Pb)-Sr-O (white contrast).

Figure 5. Temperature dependence of the electrical resistivity, p, of
Bi>-xPb,Sr.Co1 80y, as a function of the Pb content, x. ® 0.0; ¢ 0.2; ® 0.4; and

A 0.6.



Figure 6. Temperature dependence of the thermopower, S, of
Bi>-xPbxSr2Co1.80y, as a function of the Pb content, x. ® 0.0; ¢ 0.2; ® 0.4; and

A 0.6.

Figure 7. Temperature dependence of the power factor, PF, of
Bi>-xPb,Sr.Co1 80y, as a function of the Pb content, x. ® 0.0; ¢ 0.2; ® 0.4; and

A 0.6.



Figure 1

(004)

f.. (00B)
*

20 (Degrees)



Figure 2

| (a.u.)

0.61 ]

0.44 [

Ac (%)

0.21

0o m

Pb content, x

0 0.2 0.4

0.6

29.7

29.9 30.1 30.3

20 (Degrees)

30.5



Figure 3




Figure 4




Figure 5

4.0

3.5

3.0

Lo (wy)d

2.0

1.5

1.0

400 500 600 700 800 900

300

T(K)



Figure 6

1.5
A
n
1.4
n
* | |
* n
i 1.3 ® A
2 o u
g * 1 n | | | A A
> » ]
“ 42 A * A
L ]
A
% ¢ * ¢ *
o o
1.1 ®
[
L ]
e . ® ™
1.0

300 400 500 600 700 800 900
T(K)



Figure 7

1.6

1.4

4 L *
4 L S
4 oy
< .
| LY
4 LIS
4 LK
] 4 LI Y
[ 4 ®e
] | L 2
] |
| |
b . S =

0L (W /M) 4d

0.4

400 500 600 700 800 900

300

T(K)



